Viscosity is a fundamental characteristic of liquid and viscoelastic materials. Viscosity measurements can give an insight in the mechanics and chemistry of biotic and geophysical samples; therefore, lander exploration of extra-terrestrial planets will benefit from an integrated viscometer. However, conventional viscometers are unsuitable for space missions. A novel miniaturised ultrasonic sensor is here presented as a rheometer for the in situ analysis of viscoelastic samples in extra-terrestrial lander missions. The measurement accuracy of the ultrasonic sensor was compared against a conventional viscometer for the measurement of aqueous solutions of L-and D-amino acids, with concentrations ranging from 1 to 10% (mass/volume). The instrument measured the viscosity of the aqueous solutions with a precision of 10% in a frequency range of 1.8 to 13.5 MHz. The instrument was further used to measure the viscosity of solutions of D-serine and L-serine 10% in water at sub-zero temperatures. Their viscosity was measured at the freezing point, demonstrating that this new sensor can provide innovative means for the study of ice rheology in situ. The compact dimensions of this sensor and the high precision of the measurements make it an ideal tool for in situ mechanical characterisation of biotic and geological samples in alien worlds. 
Introduction
Rheology is the science that studies the flow of matter by the determination of viscoelastic parameters such as viscosity and shear moduli and uses rheometers as measurement instruments. Exploration lander missions will benefit greatly from an integrated rheometer in the near future as viscoelastic parameters give an insight on the molecular structure of organic, inorganic, biotic and abiotic samples and deepen the understanding of geophysical formation. For example, rheological measurements will help understanding the mechanics of Titan oceans (Brophy et al. 2015; Fortes 2000) , the composition of the surface gully of Europa (Jones and Lineweaver 2012; Miyamoto et al. 2004) , the ocean composition of Europa (Pappalardo et al. 1998; McKinnon 1999) and the composition of Jupiter satellites ice shells (Ojakangas and Stevenson 1989) . The importance of rheological measurement is however not limited to geophysics. Viscosity is, by definition, a universal characteristic of viscoelastic samples and is therefore of crucial importance for the characterisation of organic biotic compounds. Rheological measurements of biotic samples can support vibrational spectroscopy and microscopy by determining if the sample is "soft" enough to permit microorganism motility (Lauga and Powers 2009; Nadeau et al. 2016) , or if the concentration of certain amino acids or proteins is compatible to host life as we know it (Rothschild and Mancinelli 2001) . Conventional instruments such as vibrational spectroscopy, microscopy and gas chromatography can precisely measure the sample composition; however, reliable instruments are still lacking for mechanical sample characterisation. The aim of this study is to introduce and bring to the attention of the space science community a novel ultrasonic sensing technology for the non-invasive rheological characterisation of viscoelastic samples in lander missions. In particular, in this study, we employ this sensor for the analysis of aqueous solutions of amino acids. The NASA Europa Lander Report (Europa Lander Study 2016) specifies the instruments' specifications and the scope of future icy world lander expeditions, which essentially aim to search for alien life and determine if favourable conditions to support life exist. Therefore, this report served as the main guide for the present research work.
Usually, rheometers are not listed among possible instruments for space missions because they are not suitable payloads. Mechanical rheometers are conventionally too large, the sample preparation is complex and the instrument has rotating elements (Van Wazer 1963) . Although experiments were run on board of the ISS to measure viscosity of liquid gallium (Masaki et al. 2005) , such studies are not suitable for the automated analysis of viscoelastic sample that is required in lander missions, considering that samples in solid phase might not flow at all or their flow might be extremely slow.
Vibrational ultrasonic viscometers are an alternative to conventional mechanical viscometers. This class of instruments can be constituted by light, miniaturised and reliable piezoelectric elements. Ultrasonic viscometers were first developed in the early 1950s (Mason et al. 1949 ) and have since then evolved into reliable instruments for laboratory analysis, including the famous quartz crystal microbalance (QCM) (Sauerbrey 1959) . Overall, even QCMs and bare piezoelements are not suitable for extra-terrestrial operation in harsh environments. Indeed, QCMs require that the piezoelectric element is exposed to the harsh environment of the planet's surface, involve a complex sample preparation and have a fragile setup (e.g. the surface might be coated with reactive surfaces) (Kessler et al. 2009) .
In this work, we are introducing a novel ultrasonic shear spectrometer for rheological analysis of viscoelastic samples. This instrument does not require complex sample preparation, is light weight, can operate for long period of times in harsh environments and is reliable for long terms missions because does not involve moving parts. The instrument's operating principle is based on the reflective shear viscometry technique used to monitor engine oil viscosity in situ in operating engines (Schirru 2017) . This method has been applied in several case studies in engineering and biological experiments to obtain viscosity-frequency spectra as means for sample characterisation (Schirru et al. 2015; Boldock 2017) . This instrument presents clear advantages over conventional quartz crystal microbalances. Microbalances are characterised by an oscillatory element that is in contact with the samples, and the viscosity is function of the element vibration damping that is due to the presence of the liquid sample. A series of quartzes and ceramic elements that exhibit piezoelectric behaviours that can withstand very high temperatures and are radiation resistant are available. Lithium niobate quartzes have a Curie temperature of more than 1000°C (Smolenskii et al. 1966 ) and substrates like galium nitride are radiation resistant (Gokhale et al. 2012) . However, these materials cannot be used in direct contact with the harsh environments mainly because the front face and the electrodes coating the surface would degrade quickly in the presence of high temperatures and harsh environmental conditions. The use of a delay line in front of the sensor would be ideal because the sensor response can be easily correlated to the viscoelastic properties of the sample (as described in details in the next section). The sensor coating, in fact, does not need to be designed to be reactive to a particular sample or reaction, and the piezo element is not in contact with the fluid to be analysed; hence, the active piezoelectric transducer is not affected by the harsh environmental conditions.
Ultrasonic reflectometry theory
The mechanism of the instrument proposed here is based on ultrasonic reflectometry. The fundamental principles of this methodology have been discussed extensively in previous publications (Brekhovskikh 2012; Pialucha and Cawley 1994; Reddyhoff et al. 2006) , and this section proposes a summary of the methodology. In particular, the instrument uses the reflection coefficient modulus from a three-layered stratified medium to provide accurate measurements (Kinsler et al. 1999) . Figure 1a shows the classical configuration of a reflectance ultrasonic viscometer.
This setup has been first used in the early 1950s (Mason et al. 1949) and since then has become very popular to measure viscosity by means of ultrasound. In this configuration, the ultrasonic wave is produced by the ultrasonic transducer, propagates through the solid until it is incident to the solidliquid interface. There, part of the wave is quickly dissipated in the liquid, within a distance called penetration depth, and part is reflected back. The amount of energy reflected is calculated as:
where R is the reflection coefficient, z l is the modulus of the acoustic impedance of the liquid, and z s is the acoustic impedance of the solid material. It can be noticed that when the acoustic impedance of the solid is much higher than the acoustic impedance of the liquid, the reflection coefficient approaches the unit value. This means that almost all the acoustic energy is reflected without interacting with the liquid under test. This phenomenon is called acoustic mismatch (Sheen et al. 1995; Franco et al. 2008) . To avoid acoustic mismatch with a setup like the one shown in Fig. 1a , it is necessary to use plastic/polymeric materials that are acoustically similar to the liquid tested. These limitations stopped researchers from implementing ultrasonic reflectance viscometry in most industrial or engineering applications because plastic materials normally degrade over time or are not resistant in harsh environments. This is also the case of space applications in which the active ultrasonic element needs to be protected from the harsh environments and radiations by mean of a metal solid substrate. Figure 1b shows a setup that overcome the previous limitation by the insertion of an acoustic lens, or matching material. Here, the ultrasonic vibration is still produced by the piezoelectric element in contact with a solid medium. The ultrasonic wave propagates in the solid medium and through the quarter wavelength matching material, until it is incident to the fluid interface. The amount of energy reflected at the solid-liquid interface is a direct function of the resistance of the fluid medium to the applied shear oscillation and is therefore a function of viscosity. The total reflection of an ultrasonic wave in a three-layered medium is expressed as (Kinsler et al. 1999) :
where t m is the matching layer thickness and z m is the matching layer acoustic impedance. Interestingly, this methodology is widely used for the fabrication of commercial immersion and contact sensors based on the propagation of longitudinal mode waves (Kinsler et al. 1999 ), but these principles were not applied to viscometry. From Eq. (2), when the thickness of the matching layer is a quarter wavelength (t m ¼ λ m 4 Þ, Eq. (2) simplifies as (Kazys et al. 2015) :
Therefore, it is possible to notice that the reflection coefficient is equal to zero (total transmission) if the acoustic impedance of the matching layer is
Figure 2 shows the increment in measurement sensitivity due to the presence of the matching layer.
In Fig. 2 , the reflection coefficient was measured using Eq. (1) for a steel-liquid interface and using Eq. (2) at a steelmatching layer-liquid configuration for two oils of different viscosity (0.01 and 0.25 Pas). This figure shows that for specific frequencies, called resonance frequency, the measurement sensitivity increases and it is possible to distinguish clearly between the two liquids when the matching layer is (2) and (3).
Noticeably, the reflection coefficient drops at harmonic frequencies due to the presence of the matching material. Equation (2) describes accurately the increment in sensitivity as frequency varies; on the other hand, Eq. (3) is valid only at the resonance frequency. In this work, Eq. (3) is used for simplicity as it leads to great simplifications in the measurement of viscosity at the operating frequencies of interest. From Eq. (3), it is possible to calculate the viscoelastic properties of the liquid as follows. First, the acoustic impedance of the liquid is calculated from Eq. (3) as:
The acoustic impedance modulus is then correlated to the rheological parameters of the liquid. The acoustic impedance of the liquid is directly correlated to viscosity as (Harrison and Barlow 1981) :
It can be noticed that the use of Eq. (6) requires knowing the liquid density to obtain a measurement of viscosity. It is not always possible to measure liquid density in situ, given the dependence of this parameter to pressure and temperature. To overcome this limitation, the authors developed an empirical procedure to correlate viscosity to reflection coefficient without the need for knowing any liquid physical properties (Schirru 2017) .
The method consists in measuring the reflection coefficient R for a selection of viscosity calibrated liquids to obtain a viscosity-reflection coefficient curve, as shown in Fig. 4 .
The data points lie on the solution for Eq. (6) and can be interpolated by a logarithmic equation that directly correlates viscosity to the acoustic parameter R. In the case of aluminium delay line and polyimide layer, it was found that the following values for the coefficient bring the theoretical model to a satisfactory approximation at the operating frequency of 4.5 MHz (Table 1) .
Both Eqs. (6) and (7) were used in the section instrument calibration to measure the viscosity of the acquired samples.
Apparatus
Figure 5 schematically illustrates the ultrasonic viscometer apparatus. Four pairs of ultrasonic piezoelectric (PZT) shear mode transducers with a centre frequency ranging from 2 to 10 MHz are bonded on an aluminium plate of area 50 mm by 80 mm and 30 mm of thickness. The thickness of the block was not relevant for computational purposes but is chosen to allow the optimal separation of reflected ultrasonic pulses. The transducers operate in pitch-catch mode. In this mode of operation, one transducer produces the ultrasonic wave (pulser transducer in Fig. 5 ) and the second one receives the reflected echo wave (receiver transducer in Fig. 5 ). An arbitrary waveform function generator excites the pulser with a sinusoidal electric burst signal. Once hit by the electric signal, the pulser vibrates, emitting an ultrasonic wave that propagates through the solid until incident on the solid-liquid interface where part of the wave is transmitted and the rest is reflected back.
The liquid layer consist of a 1.5-mL drop of sample lay upon the matching layer. The reflected signal from the solid-liquid interface is received by the second transducer, recorded on an oscilloscope and continuously analysed and stored in real time, as described in the "Signal processing and data analysis" section. This operation is repeated for all couple of ultrasonic sensors.
In this apparatus, the quarter wavelength matching material consists of polyimide (Kapton) strips of different thicknesses. Kapton was chosen because it respects the acoustic requirements given in Eq. (3). Table 2 reports the thickness of the polyimide layers for each desired resonance frequency. The thickness of the layer is calculated as a quarter of the wavelength in the matching material to allow the use of Eqs. (3)-(7) in the calculation of the viscoelastic properties of the samples as:
In Eq. (8), t m is the thickness of the matching material, c m is the speed of sound in the layer and f is the operating oscillatory frequency and n is the odd resonance frequency integer (e.g. n = 1 indicates the first resonance frequency, n = 3 indicate the second resonance frequency and so on). As an example, if the transducer operating frequency is 4.5 MHz and the speed of sound in the layer is 850 m/s, the optimum thickness for the matching layer is 47 μm, for n = 1. However, from Eq. (7), for n = 3 and a thickness of 47 μm, the resonance frequency would be also 13.5 MHz, thus showing that a single matching layer can be used for measurements at multiple frequencies. The matching layer thickness is then approximated to the closest commercially available coating thickness. Kapton polyimide is chosen as quarter wavelength layer because its mechanical and acoustic properties makes it a suitable acoustic lens and, at the same time, a resistant surface in a wide range of operating temperatures (Meserschmidt et al. 2003; Hergenrother 2003; Dhar et al. 1995) .
Samples tested
The samples were selected following the NASA Europa lander mission guidelines (Europa Lander Study 2016). Currently, the main scope of a lander mission would be the assessment of life presence or the presence of conditions favourable to life proliferation in alien worlds. Therefore, the amino acids were chosen depending on the probability of encountering them in nature.
The main challenge for the instruments in these missions will be the ability to discriminate L-and D-forms and not only the different families of amino acids. Consequently, the synthetic amino acid forms were also analysed. The amino acids were dissolved in a solution of pure distilled water, dH 2 O, at different concentrations. The density of the reagents at 25°C in distilled water was provided by the supplier. The samples are listed in Table 3 .
The viscosity of the samples was measured at the temperature of 25°C using a Brookfield DV1 viscometer.
The accuracy of the measurement was ± 5% and was determined by the reference measurement on pure water that gave an average viscosity of 1.05 mPas. The viscosities measured for the amino acid aqueous solutions are comparable with literature data (Mehl and Schmidt 1935; Thirumaran and Sabu 2009; Rani et al. 2016 ).
Signal processing and data analysis Figure 6 shows the experimental procedure to obtain the reflection coefficient and the liquid viscoelastic parameters.
The reflection coefficient is found experimentally by dividing the frequency spectrum of the signal reflected from the solid-liquid interface (A m ) by a reference signal obtained from the solid-air interface (A r ).
where A m is the measurement amplitude, and A r is the amplitude of the reference. Figure 6 shows the main characteristics of an ultrasonic signal. A burst signal modulated in frequency, also known as chirp, is used as excitation signal because it allows the generation of ultrasonic signals in a wide range of frequencies. This enables finding accurately the frequency at which the matching layer resonates. The time domain response is characterised by a phase shift between the reference and the measurement signal. The phase shift is function of the viscosity of the liquid, as suggested by previous studies (Shah and Balasubramaniam 2000) . The models in Eqs. (2)- (7) use the amplitude of the frequency spectrum at the resonance frequency to calculate the reflection coefficient modulus. Figure 7 shows an example of measurement conducted on a reference sample of distilled water, dH 2 O. The acquired time domain signals were converted in the frequency domain, and the frequency spectra were divided to measure the reflection coefficient. The reflection coefficient graph in Fig. 8c compares the ultrasonic measurement against the expected response in Eq. (1). Interestingly, the model and the measurement were in great agreement. The minimum reflection coefficient occurred at 4.35 MHz which is the value of reflection coefficient used in the viscosity measurement. This procedure was repeated for each pair of ultrasonic transducers. The reflection coefficients were then converted into the viscoelastic parameters using Eqs. (5) and (6). The tests were conducted by depositing 1.5 mL of solution on the surface of the ultrasonic viscometer and acquiring ultrasonic reflected signals at the repetition rate of 1 Hz over 20 min. Each acquisition was the average of 50 ultrasonic waves, and the test was repeated twice for each sample. Each measurement was conducted over a period of time to give time for the amino acid solution to deposit fully on the sensor's surface. In fact, the ultrasonic viscometer can only measure the average viscosity of the solution for a thickness that is equal to the penetration depth (Buckin and Kudryashov 2001) , as shown in Figs. 9 and 10. The penetration depth of ultrasonic waves in aqueous solutions was shown to be in the order of (150 nm at 5 MHz (Kumar Kannam et al. 2012) . The authors showed in previous work (Schirru et al. 2018 ) that this value is far from the slip boundary condition (Huang and Szlufarska 2012) , and therefore, the classical ultrasonic measurement solution holds. Figure 10 shows that once the particles have precipitated on the sensor surface, the viscosity values stabilises to a constant value. Further, it can be noticed that the results were discriminated by concentration, as expected. These results show that this type of instrument can measure the viscosity of the liquid in direct contact to the instrument and cannot be used for farfield measurements.
Instrument calibration
Two scenarios for extra-terrestrial samples were considered in this study: liquid water solutions and solid (ice) phase. In terms of viscoelasticity, these are two extreme situations because the water-based solutions are very low viscosity Newtonian samples, while the ice samples are characterised by very high viscosity and non-Newtonian behaviour. The instrument proposed in this research was calibrated against calibration samples (Schirru 2017; Schirru et al. 2018) . In Schirru et al. (2018) , a new acoustic model was developed for the viscoelastic analysis of the ultrasonic reflection in a three-layered medium. The model was validated against three reference samples: two Newtonian and one non-Newtonian, as shown in Fig. 11 .
Further, in Schirru (2017) , the quarter-wavelength layer ultrasonic viscometer was also tested against a series of viscosity calibrated Cannon oils in the range 3-600 mPas (Fig. 12) .
This preliminary work on ultrasonic viscometry shows that the instrument proposed in this research can cover precisely the range of viscosities of the samples tested for space exploration purposes.
Further, two approaches were used to measure the samples viscosity: the strictly theoretical one, shown with Eqs. (5) and (6), and the calibration to be used when no physical sample properties are known, Eq. (7). Figure 13 shows that the solution of Eq. (6) and Eq. (7) are very close to each other. Additionally, the viscosity of the tested amino acid solutions lies within the limit of these curves. This graph only shows for simplicity the solution for five samples that are representative of the range of viscosity studied. The calibration curve shown in Fig. 13 was obtained for the measurement executed at the frequency of 4.5 MHz. Similar curves were obtained for the other frequencies used in this work, but for simplicity, only one curve is analysed here.
Results
The amino acids aqueous solutions showed a Newtonian behaviour, i.e. the value of viscosity was constant and independent of the applied frequency, as demonstrated in Fig. 14 for the L-serine 1% sample.
A similar Newtonian behaviour was measured for all the samples tested at the temperature of 25°C. Therefore, the solutions of amino acids are good samples to validate the measurement of the ultrasonic viscometer against conventional rotational viscometers. Figure 15 shows the average viscosity measured using the ultrasonic viscometer against the rotational viscometer. Figure 15 shows that the ultrasonic measurements are in agreement with the rotational viscometer ones and that no significant change between L-and D-solutions is detected. Table 4 shows the average error in viscosity measurement between rotational and ultrasonic viscometer, together with Pearson correlation coefficient and significance P values as statistical indicators.
The average error of the ultrasonic measurement in comparison with the benchmark test varied between 3 and 14%, and the statistical indicators show a strong correlation between the measurement executed with the conventional and the ultrasonic viscometer. The correlation between the two measurement types was over 0.6 using the Pearson's r coefficient and highly significant, demonstrating a strong correlation between the rotational rheometer and the ultrasonic data because the equivalent P values are much lower than the 0.05 threshold. Furthermore, it has to be considered that a deviation of 10% in this case is equivalent to ± 0.0001 Pas between the two measurements, which is close to the limit of precision of any commercially available viscometers. Fig. 9 Schematic representation of the operating conditions of the ultrasonic viscometer. The ultrasonic viscometer can measure the average viscosity within the penetration depth; therefore, the measurement is time dependent if the solution tested is heterogeneous Fig. 10 Time-dependent measurement of viscosity for the D-serine solutions However, while the viscosity is constant, the acoustic impedance is a function of frequency as (Harrison and Barlow 1981) : Figure 16 shows, as an example, the frequency-dependent acoustic impedance for the sample of L-serine 1%.
The slope of the ultrasonic shear impedances was measured for all the tested samples, as shown in Fig. 17 . Figure 18 shows a comparison between the slope of the shear acoustic impedance function at 1% concentration. This aimed at comparing all the tested amino acid families at the same concentration. The shear acoustic impedance of the liquid, z l , was here measured because it is a direct function of the reflection coefficient R, as shown in Eq. (5). It could, therefore, be correlated directly with all the viscoelastic properties of the liquid samples. In this study, the shear acoustic impedance was directly correlated with viscosity (see Eq. (6)); however, a direct correlation to shear relaxation time, shear moduli and creep could be obtained (Harrison and Barlow 1981) .
No clear difference or relation between D-or L-form is measured. However, it is possible to notice that the apolar aromatic group tested has a much lower slope than the other samples tested, thus suggesting that the complexity of the amino acid affects the rate of change of the acoustic impedance. This change might therefore be correlated with a strong difference of the apolar group in one of the viscoelastic properties characterising the sample composition. Another possible explanation for this is due to how the measurement error propagates between Eqs. (5) and (6). Acoustic impedance is, in fact, linearly related to reflection coefficient, while viscosity is a function of the squared reflection coefficient. Therefore, measurement of z l are more precise and can be used to highlight even small differences among the tested samples.
Ice rheology
The surface temperature of an icy moon like Europa never raises above − 160°C (Spencer et al. 1999) ; therefore, not all samples will have a liquid phase. Can this instrument operate in sub-zero temperature, and can it be used to study the rheology of ice samples? To answer these questions, the ultrasonic viscometer was placed in a freezer and the 10% concentration Serine samples were frozen on the viscometer surface. The operating temperatures ranged from − 3 to − 6°C. This temperature range is far from that of an icy moon surface, but it is low enough to freeze the amino acid solutions. The viscoelastic behaviour of ice has been studied since the 1950s (Haefeli 1952) . Conventionally, ice viscosity is measured by holding an ice specimen between two grips and twisting or shearing the sample (McCarthy et al. 2016) . However, this procedure could never be implemented for in situ Fig. 11 Calibration of matching layer viscometer for the development of an acoustic model against a series of calibration fluids: red line is pure water, blue line is hexadecane, the green line is a mixture of squalene and polyisopropilene (Schirru et al. 2018 ) Fig. 12 Calibration of quarter wavelength matching layer viscometer for the measurement of engine oils. The oils are Cannon viscosity reference calibrated samples ranging from 3 to 600 mPas in viscosity (Schirru 2017) measurements in a lander mission. The approach proposed in this paper reduces the sample size to be tested and the complicancy of the procedure. The 10% concentration serine samples were chosen because a high amino acid concentration would retard the freezing of the solution allowing to record the viscosity of the solution throughout phase change accurately. In this section, only these two solutions are analysed because of the difficulties in reproducing and maintaining the exact experimental operating conditions. The operating procedure did not change, except for the fact that the viscometer was kept in a freezer for a few hours before laying the sample on the viscometer surface to allow the temperature to be uniform throughout the instrument. This aimed to obtain an accurate reference signal. The tests were conducted at the resonance frequency of 3 MHz and 4.35 MHz. Figure 19 shows the results for the experiment conducted on the 3-MHz matching layer.
The ultrasonic viscometer measurement followed precisely the freezing of the sample as shown by the increment in viscosity over time. The freezing point is identified in Fig. 19b as the moment when the reflection coefficient reaches its minimum value and the ultrasonic phase shift reaches its maximum absolute value. Figure 19d shows that the apparent viscosity drops once the freezing point viscosity is measured. This is different from what is physically happening. Indeed, the ultrasonic signal amplitude starts increasing after the freezing point is reached. Therefore, the ultrasonic reflection coefficient increases and the model in Eq. (4) measures a decrement in viscosity because that model is based on the measurement of the reflection coefficient modulus. However, it can be noticed that the change in phase shift (see Fig. 19b ) is consistent with the liquid/solid state of the solution tested and is constant once the sample has frozen. It seems that a measurement of the apparent ice viscosity will be possible if a new model is developed to take into account both the ultrasonic phase shift and the modulus of the reflection coefficient. Figure 20 shows the viscosity results for the experiment repeated at the resonance frequency of 4.35 MHz.
The D-serine samples reached the freezing point slower than the L-serine due to the difference in temperature between the two tests. Unsurprisingly, it can be noticed that the viscosity measured for the two solutions is much lower than the results for the same experiment at 3 MHz, and a difference between the D-and L-sample is measured. Icy solutions show a non-Newtonian behaviour due to their complex structure and high viscosity. For non-Newtonian shear thinning solutions, it is expected that the higher the excitation frequency, the lower the measured viscosity (Schirru 2017) . It seems 
Conclusions
A prototype for an ultrasonic viscometer for future lander mission was developed. This instrument was developed to respect the payload parameters of low weight, compact size, and long operating time with exposure to harsh environment. The instrument accuracy was tested by measuring the viscosity of Newtonian amino acid aqueous solutions at room Fig. 16 Frequency-impedance curve for the sample L-serine 1% (blue) against Eq. (9) (black dots) Fig. 17 Average slope for the frequency-dependent ultrasonic viscosity measurements Fig. 18 Comparison between the acoustic impedance slopes for the various amino acid groups tested Fig. 19 Reflection coefficient, phase, and viscosity measured for the solutions of D-and L-serine 10% at freezing temperature (respectively a, b, d). c Frozen sample on the polyimide matching layer temperature. The accuracy of the viscosity measurements performed with the proposed ultrasonic viscometer was very high and allowed discriminating between aqueous solutions at different concentrations. Further, the measurement precision was in line with the one of conventional rotational viscometer, and the measurement deviation was similar. This experiment also suggested that the slope of the frequency dependent acoustic impedance might be a function of the tested amino acid chemical structure complexity. The instrument was then used to measure the viscosity of the aqueous D-and L-serine solutions with concentration 10% at the freezing temperature. This preliminary work showed that the instrument can measure precisely when freezing occurs and the viscosity change from liquid to ice phase at freezing temperature. The current ultrasonic models are not able to measure the viscosity after freezing occurs; however, the ultrasonic measurements showed that it will be possible to overcome this limitation by combining the amplitude of the reflection coefficient modulus with the phase shift of the ultrasonic time domain signal.
The results shown are particularly important because the viscosity of an ice sample is measured accurately, without requiring the sample to flow, and by means of a miniaturised sensor that is capable of operating in harsh environments at sub-zero temperature.
